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Abstract 

We show that the presence of intrinsic charm in the hadrons' light-cone wave 
functions, even at a few percent level, provides new, competitive decay mech- 
anisms for B decays which are nominally CKM-suppressed. For example, the 
weak decays of the l?-meson to two-body exclusive states consisting of strange 
plus light hadrons, such as B — > ttK, are expected to be dominated by penguin 
contributions since the tree-level b — > suu decay is CKM suppressed. How- 
ever, higher Fock states in the B wave function containing charm quark pairs 
can mediate the decay via a CKM-favored b — * sec tree-level transition. Such 
intrinsic charm contributions can be phenomenologically significant. Since 
they mimic the amplitude structure of "charming" penguin contributions, 
charming penguins need not be penguins at all. 
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I. INTRODUCTION 



It is usually assumed in the analysis of 5-meson decays that only the valence quarks 
of the initial and final-state hadrons participate in the weak interaction. Typical examples 
are the semi-leptonic decay B~ — ► £~V7T + , which is based on the transition b — > ul~~v\ 
B~ — > K~ r y, which is based on the penguin amplitude b — *> S7; and B~ — > K~tt°, which 
is based on 6 -> suu and penguin b — > sg* — > sww transitions. In each case, it is assumed 
that the matrix elements of the operators of the effective weak Hamiltonian involve only the 
valence quarks of the incoming and outgoing hadrons. Any non-valence gluon or sea quarks 
present in the initial or final state wave functions appear only as spectators. 

The wave functions of a bound state in a relativistic quantum field theory such as QCD 
necessarily contain Fock states of arbitrarily high particle number. For example, the B~- 
meson has a Fock state decomposition 

B~J = ip bil I bu) + ip b ug I bug) + tfj bad a buddj + ip b uss \ buss) + t/Wc | bucc) H . (1.1) 

The Fock state decomposition is most conveniently done at equal light-cone time r = t + 
z/c using light-cone quantization in the light-cone gauge A + = |l],|2|. The light-cone 
wave function if) n (xi, k± i} Aj) depends on the momentum fraction of parton x iy where X{ = 
kf / P + and = 1, the transverse momentum k±i where J2ik±i = 0, and the helicity A». 
The light-cone wave functions are Lorentz invariant; i.e., they are independent of the total 
momentum P + = P° + P z and of P± of the bound state. The extra gluons and quark pairs 
in the higher Fock states arise from the QCD interactions. Contributions which are due to a 
single gluon splitting such as g — > cc are associated with DGLAP evolution, or they provide 
perturbative loop corrections to the operators; they are extrinsic to the bound-state nature 
of the hadron. In contrast, the cc pairs which are multiply-connected to the valence quarks 
cannot be attributed to the gluon substructure and are intrinsic to the hadron's structure. 
The intrinsic, heavy quarks are thus part of the non-perturbative bound state structure of 
the hadrons themselves [H] , rather than part of the short- distance operators associated with 
the DGLAP evolution of structure functions or radiative corrections to the effective weak 
Hamiltonian. 

Recently Franz, Polyakov, and Goeke have analyzed the properties of the intrinsic heavy- 
quark fluctuations in hadrons using the operator-product expansion J4|. For example, the 
light-cone momentum fraction carried by intrinsic heavy quarks in the proton Xqq as mea- 
sured by the T ++ component of the energy-momentum tensor is related in the heavy-quark 
limit to the forward matrix element {p\ti c {G +a G + ^G a p)/m'o\p) 1 where G^ v is the gauge 
field strength tensor. Diagrammatically, this can be described as a heavy quark loop in the 
proton self-energy with four gluons attached to the light, valence quarks MM. Since the non- 
Abelian commutator [A a , Ap] is involved, the heavy quark pairs in the proton wavefunction 
are necessarily in a color-octet state. It follows from dimensional analysis that the momen- 
tum fraction carried by the QQ pair scales as k\jw?Q where k± is the typical momentum in 
the hadron wave function. In contrast, in the case of Abelian theories, the contribution of 
an intrinsic, heavy lepton pair to the bound state's structure first appears in 0(l/m\). One 
relevant operator corresponds to the Born-Infeld {F^Y light-by-light scattering insertion, 
and the momentum fraction of heavy leptons in an atom scales as k\jm\. 



2 



In the case of the proton, analyses [7]-|| of the charm structure function measured by the 
EMC group indicates a significant charm quark excess beyond DGLAP or gluon-splitting 
predictions at large xsj ~ 0.4, and suggest that the intrinsic charm (IC) probability is 
~ 1%. Although these analyses are not conclusive |10 |, this value is consistent with the 
theoretical estimate of Franz et al. PUTT! An intrinsic charm component in the light hadrons 
of this scale has been invoked to explain the "/wr" puzzle in J/i(j decay [fT^| , leading charm 



production in 7r N collisions |]T3| |l5j| , as well as the production of pairs of J/ip at large xp in 



these reactions IC 



The existence of intrinsic charm (IC) in the proton also implies the existence of IC in other 
hadrons, including the .B-meson. In order to translate the estimate of IC probability in the 
proton to the IC of a .B-meson, we are faced with two conflicting effects. The typical internal 
transverse momentum k± is larger in the B-meson, evidently favoring a larger IC probability 
in the B meson; on the other hand the proton's additional valence quark generates a larger 
combinatoric number of IC diagrams, favoring a larger IC probability in the proton. In 
evaluating the first effect, it is useful to compare positronium with H-atom: the kinematics 
of the heavy-light system make its ground-state radius a factor of two smaller than that of 
positronium, and thus its typical bound state momentum is a factor of two larger. This 
analogy should be applicable when comparing the internal scales of the B-meson to that 
of the light pseudoscalars; we note that the normalization of the light-cone wave function 
(f)i(x, k±) with i e n, B is set by the decay constant Lattice calculations indicate fs ~ 191 
MeV |T7|] , so that fs/ f-w ~ 2, suggesting that the momentum k± is significantly higher in 
the B meson than in light hadrons. Thus the IC component in the B-meson could be as 
large as four times that of the proton, that is, ~ 4%. The IC component of the A& baryon 
could be larger; in this case, the additional valence quark generates a larger combinatoric 
number of IC diagrams as well. The ways in which the decaying h quark interacts with its 
hadronic environment, particularly "spectator effects," are evidently important in explaining 
the lifetime difference in the B and A& |18|JT9|| hadrons; IC could play a role in this context 
as well. 

The presence of intrinsic charm quarks in the B wave function provides new mechanisms 
for B decays. For example, Chang and Hou have considered the production of final states 
with three charmed quarks such as B —>■ J/tpDn and B — > J/ipD* ||20|| ; these final states 
are difficult to realize in the valence model, yet they occur naturally when the b quark of 
the intrinsic charm Fock state | bucc) decays via b — > cud. In fact, the J/tp spectrum for 
inclusive B — > J/ipX decays measured by CLEO and Belle shows a distinct enhancement at 
the low J/ip momentum where such decays would kinematically occur [pTp2f . Alternatively, 
this excess could reflect the opening of baryonic channels such as B~ — > J/ippA |23| . 

These ideas take on particular significance in view of the hierarchical structure of the 
CKM matrix — the weak transition b — > sec is doubly Cabibbo enhanced with respect to 
a b — > suu transition. For example, intrinsic charm components in the initial and final 
hadron light-cone wave functions will allow |A5| = 1 B-meson decays through processes 
such as that shown in Fig. [I]; the small intrinsic charm probability is offset by the compar- 
atively large CKM matrix elements associated with the b — > sec transition, promoting their 
phenomenological impact. 

As a specific illustration, consider the exclusive | AS\ = 1 decays, B — > ttK and B — > pK. 
The various 7r.fr final states from B° and B~ decay are connected by isospin symmetry; the 
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same is true of the branching ratios to pK. The presence of weak transitions involving intrin- 
sic charm can alter the pattern of the predicted branching ratios. Since the same initial and 
final states are involved, the intrinsic charm contribution can interfere with the conventional 
amplitudes, and yield significant effects. We note that such intrinsic contributions function 



in a manner identical to that of charm-quark-mediated penguin contributions p4] , |25[] 
termed "charming penguins" by Ciuchini et al. f26|-[28f - so that charming penguins need 
not be penguins at all. 

Halperin and Zhitnitsky have considered the role of IC in mediating the decays B — > 
rfK PD|| , and B — > rfX pi| , arguing, as we have, that IC can be important when coupled 
with the Cabibbo-enhanced b — > sec transition in decays to charmless final states |[32|| . They 
effect their numerical estimates in the factorization approximation, so that the importance 



of their IC mechanism is determined by the parameter /V, where 

(0|c7 M 7 5 c|?/(p)) = iffp^ . 



;i.2) 



Recent work has shown to be ~ —2 MeV [|J, rather smaller |3^||4],^,Q than fffi 
50 — 180 MeV PU| , PT| , so that efforts to reconcile the observed rate with Standard Model 
(SM) predictions continue [36|. Although other mechanisms could well be at work |37| , |38"1| , 
we wish to point out that the factorization approximation does not capture the physics of 
IC. IC is produced in a higher Fock component of a hadron's light-cone wave function; it is 



naturally in a color octet state ||33|| , so that the dynamical role it plays in mediating B- meson 
decay is intrinsically non-factorizable in nature. 

Although we will specifically consider the role of IC in exclusive B-meson decays in this 
paper, the effect of IC can have a more general phenomenological impact on B physics. 
For example, it is well-known that the semileptonic branching fraction in inclusive B-meson 
decay, B s i, is smaller than SM predictions; however, the "natural" resolution of this puzzle - 
an increased b — > sec rate - is at odds with the observed number of charm (and anti-charm) 
quarks per B-meson decay, n c , as this is also too small compared to SM expectations p9[| . 
IC in the B-meson can increase the charmless b s rate, as illustrated in Fig. f[[ thus 
reducing the semileptonic branching ratio. Earlier work ascribed a possible role to IC in 
resolving the B s \/n c puzzle [[HJ, yet only IC in the light hadrons was considered. We believe 
that the role played by IC in the B meson in realizing strange, charmless final states to be 
potentially of greater importance. It should be recognized that IC does not significantly 
increase the inclusive yield of charmed hadrons, since the materialization of intrinsic charm 
is dynamically suppressed. For example, in hadron collisions the probability of materializing 
IC Fock states is of 0{l/m^,) ||, save for an exceptional portion of phase space, at large 
xf ||13|| , for which it is of 0{l/m 2 c ) |13| . As noted by Chang and Hou, f2(| the materialization 
of IC of the B-meson will lead to novel exclusive decays to charm final states; for example, 
IC can mediate B~ — > J/tpe~u e , as well as B — ► J/V'T- If there were no IC in the B-meson, 
such final states could only be realized through OZI-violating processes. 



II. IC IN B -> ttK AND B -> pK DECAY 

We will now consider the specific role of IC in mediating the exclusive decays B — > ttK 
and B — > pK. The operator-product expansion and renormalization group methods provide 
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a systematic theoretical framework for analyzing exclusive hadronic B-meson decays. The 
amplitude for the decay of a B meson to a hadronic final state / is given by A(B —>•/) = 
(/ I T^eff I B), and for b — > sqq decay H c s can be written as 



E VpbVpUCM + c 2 oi) - v tb v* E ca 

p=u,c j 



(2.1) 



where the explicit form of the operators are given in Ref . ||l] . The 0\ 2 are the left-handed 
current- current operators arising from W-boson exchange; the sum over j contains the strong 
and electroweak penguin operators. The Wilson coefficients are computed at \i = My/ and 
are evolved, using renormalization group methods, to \i — 0(m b ); only C 2 is of 0(1) at the 
scale /i ~ My/. The Ci{p) are known; the operator matrix elements (/ | Oi(p) \ B), however, 
pose a continuing theoretical challenge. Various methods exist to estimate them f42-47|; 
however, all of these approaches assume that only the valence degrees of freedom participate 
in the decay process. Indeed, this viewpoint is shared by attempts to catalog all the possible 
contributions to the various exclusive decay amplitudes [Pf| . It is this assumption that we 
challenge. 

It should be emphasized that Fock states of arbitrary particle number are necessary to 
describe a relativistic bound state. Furthermore, as shown in Ref. |49 |, the matrix element 



associated with a time-like form factor entering semi-leptonic decay has two distinct contri- 
butions: a contribution in which parton number is conserved, so that n partons — > n partons, 
and one in which it is not. In the latter case, one of the anti-quarks in a non- valence 
Fock state fluctuation in the B-meson annihilates the h quark, yielding the transition 
n + 2 partons — > n partons. These conclusions emerge from Lorentz invariance in concert 
with the kinematic constraint of q + > 0. The omission of such contributions can become 
acute in the context of b —>■ sqq decays, since CKM factors favor b — > sti and b — > sec 
transitions over those of b — > suu by a numerical factor of roughly 50. We shall show that 
when such decays are mediated by IC contributions, the CKM hierarchy can be evaded, 
impacting not only the branching ratios, but also the CP asymmetries associated with these 
decays. 

Consider the following family of decay modes: 

B(B° -> TT+K-) B(B~ -> n°K-) B(B- -> tT K°) B(B° -> 7i°K°) , (2.2) 
as well as 

B(B° -> p + K-) B(B- -> p°K-) B(B- -> p-R°) B(B° -> p°K°) . (2.3) 

These decays are mediated by the short-distance weak transition b — > sqq where q G u,c, t. 
The magnitude of the branching ratios themselves as well as the precise patterns of ratios 
of ratios are sensitive to the contributing decay topologies, the CKM factors accompanying 
a particular operator, and the numerical values of the accompanying Wilson coefficients. 
Intrinsic charm can play a particularly important role here since the operator with the 
largest Wilson coefficient combined with the largest combination of CKM matrix elements 
can now enter (the p = c term in Eq. ( |2.1| )) at tree level. 

Let us begin by a constructing a simple numerical estimate for the above ratios. The 
transitions b — > sti and b — > sec are favored over the b — > suu transition by a factor of A 2 ; 
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however, the values of the CKM parameters can exacerbate the flavor hierarchy. That is, 
using Vp 2 + rj l = 0.38 and A = 0.2196, which fall within the > 5% C.L. of recent fits Q, the 
b — > suu transition is suppressed with respect to h — ► sti and b —>■ sec transitions by a factor 
of roughly 50. If we neglect isospin-violating effects, in particular |AJ| = 1 electroweak 
penguins, and assume that b — > suu transitions are negligible, just one decay topology exists 
for each decay in a particular "family," and the various decay rates are related by isospin 
symmetry. This simple model predicts the following pattern of ratios of branching ratios: 

B{B° -> Ti + K-) : B(B~ -> tx°K-) : B(B~ -> ti-R ) : B(B° -> 7r°i?°) =2:1:2:1, (2.4) 

as well as 

-> p+iT) : -> p /^-) : -> p~if°) : £(£° -> p°i?°) = 2:1:2:1. (2.5) 

[The factors of 2 arise as the contributing components of the p ± , ir^ and p°, tt° wave functions 
differ by a normalization factor of y/2.] The corresponding predictions for the branching 
ratios of the CP-conjugate decays are identical, and thus the associated CP asymmetries are 
zero in this limit. Measurements by the CLEO collaboration [51] of the CP-averaged modes 
are consistent with this prediction: 

B(B° -> p T J RT ± ) = (16.0 ±U ±2.8) ■ 10~ 6 (2.6) 
B{B~ -> p°K-) = (8.4 Hi ±1.8) • 10" 6 . 

The more extensive data for the B — > 7riT modes |5l2|^54| are summarized in Table |I[ In this 
case the simple 2:1:2:1 pattern is only roughly realized. No significant CP asymmetries have 
been observed thus far. 

Before proceeding to detailed estimates, we discuss the contributions to B — > nK and 
B — > p.K" decays in terms of a parametrization based on the Wick contractions in the matrix 
elements of the operators of the effective Hamiltonian |48 |. The individual parameters that 
appear are manifestly scale and scheme- independent, so that the deficiencies of analyses 
based on the factorization approximation |55| are avoided. We first assume, as in Ref. ||48|| , 



that only the valence degrees of freedom of the mesons participate in the decay. The various 
B — > ttK amplitudes are then parameterized as 

A(B° - K+7T-) = V us V^{E x {s, u, u; B°, K + , tT) - P? m (s, u; B°, K+, tT)) 
-V ta KP 1 (s,u;B ,K + ,n-) (2.7) 

A(B + -> K + n°) = ^^{E^s, u, u; B + , K + , vr°) ± E 2 {u, u, s; B + , vr°, K + ) 

v2 

-P 1 GIM (s, u- B + , K + , vr ) ± At(s, u, u; B + , K + , tt )) 
v2 

4(5+ - K\+) = V^A^s, d, u; B + , K°, tt+) - P? iu (s, d; B + , K°, vr + )) 
-V ts V t tP 1 (s,d;B+,K ,7r + ) (2.9) 

A(B° - #V) = ^^b(E 2 (u, u, s; B°, tt°, K°) + P? m {s, d; B°, K°, vr )) 
v2 

^-P 1 ( S ,d; J B ,ir ,7r ) + AA( J B°^K 7r ) . (2.10) 



V2 
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We have used the notation of Ref. j|8| and the convention p~, 7r~ = ud and p°, n° = {uu — 
dd) I \/2. The corresponding parametrization of the B — > pK amplitudes is obtained from 
the replacement (7r~, 7r°, 7r + ) — > (p~,p°,p + ). The label U E" refers to operators with W~ 
emission topologies; U A" refers to annihilation topologies, whereas U P" contains penguin 
topologies. The term "pC™" represents penguin contributions which vanish in the m c = m u 
limit. The contribution labelled "Av4" vanishes in the limit of isospin symmetry; electroweak 
penguin effects contribute to it, as do isospin- violating contributions in the matrix elements 



themselves 56 



In the effective theory, the effects of the heavy degrees of freedom, such as the W ± , Z or t 
quark are replaced by effective coupling constants, the Wilson coefficients Ct(p), multiplying 
effective vertices Oi(p). Combinations of the products of Ci(p) and Oi(p) are individually 
scale and scheme invariant. Nevertheless, the physics of the diagrams of the full SM remains, 
and in Fig. |2| we illustrate the schematic diagrams in the full theory which underlie the 
effective vertices and parameters. 

We now enlarge our considerations to include non- valence degrees of freedom in the meson 
wave functions. The form of the parametrization itself does not change, though additional 
terms arise from the decay processes which do not appear in valence approximation. Turning 
to Eq.(5) in Ref. [Q, we see, adopting their conventions [The numerical values of the 
Ci(p) can depend on the explicit form of the operators |57|, but this impacts neither the 



identification of the effective parameters nor their numerical values ||48||.|, that the terms of 
form 

can contribute to B — > ttK and B — > pK decay once IC in the hadron light-cone wave 
functions is considered. Such terms are Cabibbo-enhanced, and contain a Wilson coeffi- 
cient of order unity, so that the phenomenological impact of these neglected terms can be 
substantial. 
Let us define 

Af(s,q;B,M 1 ,M 2 ) = C x (M x M 2 \O c x \B) lc + C 2 (M x M 2 \O c 2 \B) lc , (2.12) 

where q G u,d. The contributions to A\ (s, q;B,M x ,M2) arising from intrinsic charm are 
shown in a) and b) of Fig. |3| — we anticipate that contribution b), which is driven by the 
IC component of the Fock states of the light hadrons, is particularly significant for pK final 
states. Thus, the parameter A^ c (s, q; B, M x , M 2 ) will depend on whether pK or itK final 
states are considered because the intrinsic charm content of the 7r and p are most likely 
different. 

Fig. |3|c) illustrates how intrinsic strangeness (IS) can modify the P x and PpiM con ^ r i DU _ 
tions — the decay topology indicated is realized from the "CP(c, s, u; B, M x , M 2 ) (connected 
penguin)" topology of Ref. by pulling the strange quark line "backwards" into a ss pair. 



This pictorial description is not meant to trivialize the IS contribution: the latter is irrevo- 
cably associated with the bound state's structure, as it is entangled with the other quarks 
of its Fock component by two or more gluon attachments. 

The essential point of the parametrization of Ref. j48| is that the parameters given therein 
are both scale and scheme independent. In particular, the emission topologies, E^, are scale 
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and scheme-independent, irrespective of any penguin contributions, since we can consider 
transitions in which all four quark flavors are different: in such processes penguin contribu- 
tions simply do not occur, and the Ei represent the physical amplitudes of the channels in 
question. Similarly, decay channels exist for which only annihilation topologies contribute; 
thus the annihilation contributions associated with the Oi(p) and 2 {ij) are themselves 
scale and scheme independent. Here we consider an annihilation topology driven by the IC 
components of the hadrons' wave functions; thus, this contribution, too, is separately scale 
and scheme independent — and the additive parameter A* c (s, q; B, Mi, M 2 ) parameterizes 
its contribution. In the limit of isospin symmetry, one value of A^(s, q; B, Mi, M 2 ) charac- 
terizes the tcK final states and another characterizes those of pK. We can now modify our 
earlier parametrization to include the presence of IC: 

A(B° - K + n-) = V us V: b (Ei(s, u, it; B°, K+, tt") - P? m (s, u; B°, K + , tT)) 
-V ts V; b Pi{s, u; B°, K + , tt") + V cs V: b Af{s, u; B°, K + , tT) (2.13) 

A(B + -> K + 7T°) = Y^L{E x {s, u, u; B+, K + , vr°) + E 2 (u, u, s; B+, vr , K + ) 

-If ™{s, u- B+, K+, vr ) + Ai{s, u, u- B + , K+, tt )) 

VtsVtl Pi(s, it; B+, K+, tt°) + Y^Af{s, u; B + , K + , vr ) + AA(B + - K + n°) (2.14) 



A(B+ -> K\ + ) = V us V: b (Ai(s, d, u; B+, K°, tt + ) - P? m (s, d; B+, K°, vr + )) 
-V ts V; b Pi(s, d; B + , K°, vr + ) + V cs V; b A l f(s, d; B + , K°, tt + ) (2.15) 

A(B° ^ K\°) = Y^(E 2 (u, u, s- B°, tt , K°) + P? m (s, d; B°, K°, vr ) 
v2 

1 VtsVtl -Pi(s, d; B°, K°, vr ) - Y^A\ c (s, d; B°, K°, vr ) + AA(B° -> A'°7r°) , (2.16) 



as earlier the pK final states are realized by the replacement tt — > p. The structure of 
these relations show us that under the assumption of the unitarity of the CKM matrix IC 
enters in a manner identical to that of the penguin contributions Pi and P-p IM — so that the 
contributions cannot be distinguished phenomenologically. The numerical size of the penguin 
contributions has been debated in the literature: in particular, the penguin contraction of 
the 0\ operator, the "charming" penguin, entering Pi and P± u , can be enhanced by non- 



perturbative effects [p4-29]. Recently, moreover, Ciuchini et al. have argued that any 
phenomenological deficiencies of the "QCD factorization" approach, without annihilation 
contributions, in describing the B — > nK branching ratios can be rectified by introducing an 



additive phenomenological contribution to Pi |28| . It is evident that such a phenomenological 



treatment will mimic the impact of IC! Thus we see that charming penguins need not be 
penguins at all. Ciuchini et al. have discussed that a variety of physical effects, such as 
annihilation contributions, e.g., could be covered by the "charming penguin" aegis; we have 
shown that IC is another effect, non-perturbative in nature, and potentially of substantial 
numerical size, which contributes in an identical manner. 

The recent phenomenological analysis of Ciuchini et al. is of high interest p8 |, though 



it is unsatisfying: it is evident that annihilation terms, which they neglect, are numerically 
important |jH|J)5| . Thus we need a theoretical framework in which the annihilation contri- 
butions, including those associated with IC, can be estimated. To do this, we adopt the 
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perturbative QCD treatment of Li, Yu, and collaborators |45|j46|j59|j60[| , to which we now 
turn. 



III. PERTURBATIVE QCD FRAMEWORK 



In the usual perturbative QCD treatment of exclusive processes, the amplitude for a 
particular exclusive process is formed by the convolution of the nonperturbative distribution 
amplitudes, 4>h(x, Q), with the hard scattering amplitude T H computed from the scattering 
of on-shell, collinear quarks |6l|j62]| . To wit, for B — > MiM 2 , we have 



M{B -> M 1 M 2 ) = [ dz [ dy [ dx(j) B {x,Q)T H {x,y, z)(f} Ml {y,Q)<f>M 2 {z,Q) 
Jo Jo Jo 



(3.1) 



where, e.g., 4>m 2 ( z ,Q) — So d 2 k±(f)(x, k±, Aj). This formula is suitable if the distribution 
amplitudes vanish sufficiently rapidly at the endpoints, and if a s (n) is sufficiently small for 
a perturbative treatment to be germane. However, in the case of some electromagnetic form 
factors p3| , as here in B decay |^4|,^5j, the distribution amplitudes may not fall sufficiently 
quickly at the endpoints to permit both criteria to be satisfied. Eq. ( J3.1[ ) itself emerges from 
an expansion of Tjj in powers of k\jQ 2 \ the solution 66], 6?] is to reorganize the contributions 
in k±, so that the contributions to the hard scattering in the transverse configuration space 
(b, conjugate to k±) are no longer of point-like size. The b dependence of the reorganized 
distribution amplitudes, the so-called "Sudakov exponent," suppresses the large b region, 
so that the resulting integrals are convergent and a s (/i) is more or less consistently small. 
As Q 2 increases, the Sudakov mechanism becomes more effective at screening the large b 
region ||67|| . The soft portion of the integrand can also be regulated by adopting a "frozen" 
running coupling for sufficiently low scales |68| or by incorporating transverse structure in 
the light-cone wave functions ||69| . The procedure of Ref. [|5|,i5] is appealing in its simplicity 
as a single parameter, Aq C d, suffices to regulate the nonperturbative dynamics. 

In the approach of Refs. [45,46,59,60] the transition amplitude for B — > M\M 2 decay is 
estimated via a three-scale factorization formula, typified by the convolution 



C(t) g> H(t) <g> <fr(x, b) <g> exp 



s{P,b)-2 f ^ q [a s m 

Jl/b /i 



(3.2) 



where 7 9 = —a s /iT is the quark anomalous dimension in axial gauge and t ~ Oims)- The 
Wilson coefficient C (t) reflects the RG evolution of a term of the effective Hamiltonian, such 
as given in Eq. (|2.1|) , from the W mass scale, Mw, to the hard scale t. The light-cone wave 
function <p(x,b), on the other hand, parameterizes the nonperturbative dynamics manifest 
at scales below 1/6 ~ O(Aqcd)- The exponential factor organizes the large logarithms 
which occur when the system is evolved from the scale t to that of 1/6; this contribution 
includes the Sudakov form factor, with exponent s(P,b) and P the dominant light-cone 
component of a meson momentum, and suppresses the contribution of the large b region. 
The remaining part, the hard scattering amplitude H(t), is channel-dependent and can be 
calculated perturbatively using the operators Oi of the effective Hamiltonian. The diagrams 
which comprise H(t) for B — > nK decay in 0(a s ) are shown in Fig. § - - we consider 
specifically B — ► nK decay in this section as this system has recently been treated by Li, 
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Keum, and Sanda in the perturbative QCD approach |[41|| . These are the only diagrams in 
0(a s ); contributions without a hard-gluon exchange between the spectator and other quarks 
are suppressed by wave functions and do not contribute |64| , |70"| . 

Let us consider the leading-order contributions to H(t) in B — > wK decay. In diagrams 
a) and b) the K meson is produced in a color singlet state, so that the lower half of the 
process "factorizes" from the meson emission and represents a computation of the B — ► 7r 
form factor. In diagrams c) and d) the weak process produces the mesons in a color octet 
state; the exchanged, hard gluon ensures that the outgoing mesons emerge in color-singlet 
states. Finally, diagrams e)-h) describe annihilation processes; the gluon emission produces 
a qq pair, so that two color-singlet mesons can be produced. The limitations of the usual 
factorization formula, Eq. fl3.1|) , become apparent upon the evaluation of the diagram in 
Fig. ^a) |64||65] , |TT| , [45| for the B — > n form factor. If the transverse momentum dependence 
of the quarks is neglected, the heavy b quark generates a singularity as x 3 , the longitudinal 
momentum fraction of the spectator quark in the 7r-meson, goes to zero |72| . However, 
this singularity no longer occurs if the kj_ dependence in the heavy quark propagator is 
retained; thus the B — ► n form factor is regarded as perturbatively calculable, once proper 
resummation techniques are applied |[45|| . In the approach of Beneke et al. {|7|, however, 
the B — > 7r form factor is treated as non-perturbative input. One consequence of this is 
that the perturbative corrections in the two schemes are organized differently: in Ref. [47], 
hard-scattering contributions in 0(a s ) are retained which would be regarded as non- leading 
order in the approach of Ref. E5| . However, infrared enhancements also plague the treatment 



is more 



of annihilation contributions in this approach []58]; thus the treatment of Ref. f45 
systematic in that the endpoint singularities contributions from the contributions of all decay 
topologies are regulated in a consistent way. For further comparison of the two approaches, 
see Refs. . 

Adopting the notation and conventions of Ref. |41] we find that the parameters of 
Eqs. ( |277H27Tq ) are given by 



-f K F e - M e , 

-firFeK — M eK , 

-f B F a - M a , 



E\(s, u, u; B, K, tt) = 
E 2 (u,u, s; B,7T, K) = 
Ai(s, u, u; B, K, 7r) = 

P 1 {s,q,B,K,Tr) = -f K F t 
P? m (s,q,B,K,7r) = 0, 

AA(B - nK) = V ts V: h {UF? K + M p eK 



(3.3) 



?p 

e 



M 



f B F ( 



p 

a 



Mi 



where "factorizable" and "non-factorizable" contributions are denoted by F and M, respec- 
tively. The subscripts e and a refers to emission and annihilation topologies, respectively, 
and the P superscript reflects the presence of penguin operators in the hard-scattering am- 
plitude. Diagrams a) and b) in Fig. [| give rise to the contribution fxF( p \ whereas Figs. |] 
c) and d) give rise to M^ p \ "Factorizable" in this context means that the production of 
one meson is independent of that of the other, so that as illustrated in diagrams a) and b), 
e.g., the emission of the i^-meson decouples from the dynamics of the B — » 7r form factor. 
Switching the s and u labels in diagrams a)-d) of Fig. f|, one finds that the new diagrams 
a) and b) give rise to the contribution f w F^\ whereas the new diagrams c) and d) give rise 
to Mgp. Note, moreover, diagrams e) and f) in Fig. |] give rise to JbFa whereas g) and h) 
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give rise to Ma- Note that q G (u, d); the contributions F e p , Mf, F^, and Mf subsume 
quark- charge- dependent pieces. Finally, electroweak penguin contributions give rise to the 
terms denoted by AA(B — > ttK). 

The explicit expressions for the various F and M are detailed in Ref. |4]J and references 
therein. The best fit of their resulting branching ratios to the data of Ref. |52[] suggests that 
7 = 03 w 90°. Combining the CLEO |H| results with the more recent measurements at 
BaBar [53] and Belle [53], noting Table |, suggest that 7 can be smaller than 90°, a result 



in closer accord to the value of 7 determined from global fits of the CKM matrix in the 
SM [§t|[7ej. Significant CP asymmetries in the B ± -> f^vr and B°(B°) -> A"*^ modes 
are also predicted. The branching ratios in these modes are sensitive to 7. However, we 
shall show that the IC contribution may impact this picture in a significant way. 

Significant CP asymmetries in the B^ — > K ± tt and B°(B°) — > i^ ± 7r T decays are pre- 
dicted in Ref. |77j since the factorizable annihilation diagrams generate significant strong 
phases through imaginary parts in the hard scattering amplitudes. Li, Keum, and Sanda 
argue that the Sudakov suppression mechanism required to regulate the endpoint regions of 
the amplitudes is reliable since some 90% of the contributions to the form factor comes 



from the region where a s /ir < 0.3 |77,il|. This is an encouraging, if weak, self-consistency 
check, though it is crucial to recognize that this remark pertains specifically to the value of 
a s associated with the gluon exchanged in the computation of the hard scattering kernel. 
The function a s (ft) also appears parametrically in the expression for the Sudakov exponents; 
here ac s (jl) can be evaluated at the softest scale, namely a s (l/b) with b ~ 1/Aqq d . The sen- 
sitivity of the numerical results to soft physics can thus be codified in terms of the sensitivity 
of the results to the cut-off in the integration over the transverse coordinates. In specific, 
if we change the cut-off from 1/Aqq D to 0.45/Aqq D , so that a s (p,)/n < 0.30 throughout 
the entire integral, we find that the _F e 6 form factor changes by a factor of three. The nu- 
merical results depend sensitively on the manner in which the endpoint region is regulated. 



Hopefully the inclusion of "threshold resummation" will help mitigate this sensitivity jTi 
It should also be emphasized that a more realistic regulator might comprise of the Sudakov 
suppression mechanism with a systematic scale setting procedure in concert with a "frozen" 
value of a s at very low scales. In this manner, the sensitivity of the numerical results to the 
endpoint regions can be reduced, but we postpone this investigation to a later publication. 

Let us now proceed to investigate the consequences of IC in B — > ttK decay. The 
hard scattering contribution to B — > nK decay mediated by IC in the B-meson is shown in 
Fig. || the hard gluon must emerge from the spectator valence quark to generate a non-trivial 
contribution. This diagram gives rise to the parameter A* c (s, q, B, K, ir) in Eqs. ( |2.13| - pTT6| ). 
It is worth noting that IC in the K or the ir mesons could also generate a contribution to 
A^(s, q, B, K, 7r), as illustrated schematically in Fig. ^]b). We ignore this contribution, as 
we believe that IC in the B-meson to be of greater phenomenological significance. In order 
to estimate the contribution associated with Fig. |5J, we must consider the structure of the B 
meson in the presence of IC. It is to this issue we now turn. 



A. IC in the B Meson 

The B-meson light-cone wave function | ^b) as an eigenstate of its light-cone Hamil- 
tonian H ic satisfies the equation (M| — H [c ) \^b) — 0. Expanding \^b) in terms of its 
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Fock state decomposition yields an infinite set of integral equations for the Fock components 
ip n {xi, k±i, Xi), so that 



^nip^ii k-Lii Xi) 



Ml-Y.imlJxi 



(V lc tf 



B)n 



(3.4) 



where Vi c is the potential matrix in the Fock-state basis. The sum is over the partons in the 
Fock component n, namely J2i ki, and m 2 u = k 2 ±i + mf. The kinematics dictate J2i x i — 1- 
Equation (|3.4j ) suggests that minimizing the value of Y^i m \il x i enhances the likelihood of 
a particular Fock-state component. This is equivalent to the statement that the kinematics 
of the particles in each Fock state tend to minimize the total light-cone energy. Thus the 
most favored configurations have zero relative rapidity and x« oc mi,. 

We enumerate the lowest-lying | bccq) states consistent with the 0~ B-meson state in 
Table [II], and we assess their relative likelihood, that is, their relative light-cone energy, by 
estimating the total invariant mass of each configuration of specific spin by summing the 
mass of each individual (qiq2)jp state. [For simplicity, we neglect the mass shift associated 
with the relative motion of the q\q\ states.] To effect this estimate, we use the empirically 
determined masses [TT9|1 , supplemented by model calculations [|(|iH for those states which 
have not yet been observed |82] . The net result is that the enumerated states listed in Table 
II] are of comparable likelihood. 

The pattern of estimated masses can be understood by noting that in the heavy quark 
limit, the spin of the heavy quark decouples, and the ground state is a degenerate doublet 
of (0~,1~) states |S3|. There are two excited P-wave doublets, comprised of (0 + , 1 + ) and 
(l + ,2 + ) states; an estimate of spin-orbit effects suggests that the (l + ,2 + ) doublet is more 
massive ||84|| . More recent investigations have suggested, however, that the sign of the spin- 



orbit force in heavy-light systems is inverted relative to atomic expectations |85] , so that the 
(0 + , 1 + ) doublet is pushed to higher energy |85|j80|| ; nevertheless, the configurations of two 
1 + mesons in a relative I = 1 state can be discounted, as they are more massive and thus 
less likely than the states enumerated in Table [H] The combination of 0~ and 2 + mesons 
in a relative I = 2 state can be similarly neglected, as the masses of the mesons themselves 
are comparable or slightly larger than those of the 0~ and + configurations — and the 
angular momentum penalty is two units. All the IC configurations involve at least one I = 1 
configuration, either within or between the meson states. This implies that the numerator 
of the light-cone wavefunctions can involve terms which are linear in the relative transverse 
momenta k±i 



86 



The recent observation of a significant branching ratio of -B's decaying into the scalar 
P-wave state of charmonium 



B(B+ -> K+ Xo ) 
B{B+ -> K+J/i)) 



= 0.77 ±0.11 ±0.22 



(3.5) 



is surprising from the standpoint of naive factorization since the V — A structure of the weak 



vertex forbids the decay to Xo an d X2 states []5S| , |S9|1 . However, QCD radiative corrections 
to the inclusive decay rate are sizeable ||38|| , so that once these corrections are included, the 
decay rates into the Xo,2-K" and J/ifiK channels may not be dissimilar [89]. 

On the other hand, the large observed decay rate for B + — > K + xo could be evidence for 
a transition involving intrinsic charm of the B since the required orbital angular momentum 
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is naturally present. The first four configurations in Table || are suggestive of a mechanism 
in which the bq annihilate to a K meson; the remaining charmonium state of either 1~, 0~, or 
+ character is freed from the B-meson wave function. Helicity arguments favor annihilation 
in the 1~ (bq) state, though the suppression associated with annihilation in 0~ state may 
not be severe ||41|| . Nevertheless, this mechanism populates the rj c K, J/ifjK, and XoK final 
states, though the decay to the \2 state, however, is disfavored, offering a signal which can 
distinguish intrinsic charm from other mechanisms. Note that the weak annihilation of the 
bq quarks must be mediated by penguin operators to avoid suppression by CKM factors. 

The IC mechanism can occur in inclusive decays as well. The likelihood of materializing 
IC Fock states is enhanced at the value of xp which corresponds to the typical x of the IC 



configuration in the parent hadron ||13|| ; in B-decay, this means that x c5 ~ (x c ) + (x E ) ~ 
0.44 [50]. The kinematics, in turn, determine the invariant mass of X s for which this value 
of be realized, namely M| = (M 2 Xs + k\)/(l - x c5 ) + (M c 2 g + k 2 ± )/x c5 , so that the IC 

mechanism is particularly favored in this region of X s invariant mass. Note that the decay 
B — > X2^s continues to be disfavored. We can compare this scenario with the NRQCD 
prediction which emerges in leading order in the relative velocity of the cc pair; in this 
alternative picture, the B decays to the P-wave charmonia can be mediated by a decay 
to a color-octet charmonium state, which evolves non-perturbatively to a color-singlet xj 



state |50,38|. This mechanism, in concert with the color-singlet mechanism, computed in 



NLO, suggests that B(B — > X2^ s ) /B(B — > XoX s ) ~ 5 ||88| . Thus a comparison of the 
B — > xo,2X s branching ratios as a function of X s should serve to test and distinguish the IC 
and color-octet mechanisms. 

Returning to Table we see that the D and the 1~ and + D* states can also be liberated 
from the B-meson via annihilation of the be quarks. Indeed, this mechanism is illustrated 
for decay into the D* (1~) state in Fig.2e) of Ref. |2tJ — the annihilation can occur without 
CKM suppression into du and sc quarks, or into Z + z//. Moreover, the annihilation in this 
case can occur with a Wilson coefficient of order unity, so that the mechanism is numerically 
more significant in this case than in decays to charmonium final states. The helicity-favored 
process can yield either a D or D* meson. IC has been argued to impact the B —>■ D* form 



factor near the zero recoil region, and thus the extraction of \V c b\ [20]. The error in V^ft 



is of the order of 5% | 79| ; yet the presence of IC could become an important consideration 
as the form-factor studies gain in precision. The materialization of IC Fock states is more 
prominent at larger values of xf', this argues for the materialization of IC in this case at 
small recoil. Potentially the presence of IC could impact the extrapolation of the empirically 
measured B — > D* form factor to zero recoil. Interestingly, however, theoretical constraints 
exist on the slope and curvature of the B — > D^*' form factors |JT]|52|], and thus a comparison 
with high-precision experimental data may serve to identify the contribution from IC. It is 
worth noting that the decay to D\ is disfavored in the IC mechanism; comparing branching 
ratios to D\h and D^h final states could also be helpful in illuminating the mechanisms 
involved. These notions extend to the inclusive case as well, in a manner analogous to our 
earlier discussion. 

Let us now proceed to specific numerical estimates of the IC mechanism in B — > ttK. 
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B. Numerical Estimates 



In constructing a first estimate of the impact of IC in B — ► ttK decay we consider exclu- 
sively the role played by IC in the B-meson since we expect it to have larger phenomenological 
impact than the IC of the light mesons. The hard scattering diagram for B — > nK decay 
in 0{a s ) is shown in Fig. |5]. The color structure of the 0\ operator which causes the weak 
decay also allows diagrams where the g* — > qq originates from the s or c quark line. The 
light-cone-energy minimization argument suggests that (x q ) is pushed to very low x, as in 



Fig. 3b) of Ref . |20[ , so that the spectator quark must suffer a hard interaction to emerge 
in the pion final state with an appreciable likelihood. Thus these additional contributions 
are suppressed by the hadron wave functions, and we need not consider them further. 

Although IC in the B meson can be in any of several low-lying configurations, as illus- 
trated in Table [jl|> we assume that our estimated lowest energy state, namely the (6c)i- (apo- 
state, reflects the dominant arrangement of IC in the B meson wave function. Examining 
Fig. |5] we see that there are no hard gluon interactions across the weak vertex, so that the 
computation of the hard scattering amplitude factorizes. One portion of the weak vertex 
mediates the annihilation of the 1~ be quarks, and the other describes the amplitude for 
the 0~ (eg) state to emerge with the parton content of the ttK final state, namely sq'qq. 
It should be realized, however, that the final contribution is non-factorizable since the two 
pieces of the hard scattering amplitude are tied together by the integration over the coor- 
dinates of the light-cone wave function of the (bc)i-(cq) - state. We know little about the 
form of this wave function, although the kinematics of the IC configuration suggests that it 
falls more steeply in the endpoint region than the wave function of the valence component. 
Consequently, reorganizing the perturbative contribution into integrals over the impact pa- 
rameters may not be needed. Nevertheless, to effect an explicit, albeit simple, estimate we 



turn to the form factors computed by Ref. f4"If , as the amplitude for the (cq) state to 



emerge as sq'qq cosmetically resembles Fig. (|f). We thus estimate that 



A\ c (s, q, B, K, n) ~ h^^P^B , (3.6) 



where fs* ~ 0.317 GeV |93| reflects the annihilation of the 1~ be quarks, and the remaining 
factors reflect an estimate of the lower half of the diagram in Fig. |5]. The form factor 
is dominated by the F£ 6 , engendered by the operators associated with a 6 (t), for which the 
contributions from Figs. |] e) and f) sum, rather than approximately cancel. We note that 
Oji{mb/2)/aQ{mb/ c 2) ~ —20. The parameter B reflects the probability amplitude to find the B 
meson in an IC configuration, as well as an adjustment for the ~ 50% penguin enhancement 



reported in Ref. |77[], so that B ~ 2(0.02)/3. We take this as a rough estimate of the possible 
impact of IC in B — > ttK decay. 

In evaluating the role of IC in B — > 7rK decays, let us first consider what we might expect 



in its absence. We can relate the parameters of Eqs. ( 2.13 - 2~T6|) to the older, diagrammatic 



analyses of Ref. [53J. To wit, the parameter E\ contains the factorizable, "color-allowed" 
tree contribution, whereas E 2 contains the factorizable, "color-suppressed" tree contribu- 
tion — this is made manifest in the mapping to the amplitudes of the perturbative QCD 
approach in Eq. (|3.3| ). Typically the factorizable, "color-suppressed" tree and annihilation 
- specifically the fsF a term in Eq. (|3.3[)) — contributions are thought to be smaller than 
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the factorizable, "color- allowed" tree contribution p4|. The explicit numerical estimates of 



Ref. [f4l] , p8i support this in that the partial rate asymmetries in the modes with charged 
kaons, which contain the E\ parameter, are much larger. For the purpose of our discussion, 
let us define the partial rate asymmetry in K ± tt t decay as 

AcAK 71 } = B(B+ ^ K+n-) + B(B~ ^ K-*+) ' (3 ' 7) 

where the extension to other modes is clear. We have argued (and explicit calculations sug- 
gest) that A CP (K + 7f~) and A C p(K + 7t ) should be larger than A C p(K°n + ) and A C p(K°7r°). 
Sizeable asymmetries are generated when the E\ parameter is included; otherwise they are 
small. The IC contribution, A* c , can be significant relative to the penguin contribution, but 
it is small compared to Ex, so that Acp(K°tc + ) and Acp(K°tc ) will continue to be small 
once the effects of IC are included, although they will be modified. Consequently we focus 
on the role of IC in B — > K decay. Using Eqs. fl2.13|j3.3| ) and the numerical results of 
Table I in Ref. JO]] we find that 



Af = 2.5- 10~ 4 + z 2.2 - 10^3 

E x = -0.13 -z4.1 • HT 3 (3.8) 
Pi = 9.3 • lO- 3 -% 4.5 • 10" 3 , 

so that |Ai c |/|Pi| ~ 20%. The resulting branching ratios, B(B° -> K + ir~) and its CP- 
conjugate, are plotted as a function of 7 in Fig. ||. The inclusion of IC modifies the expected 
branching ratios, but its impact on the expected partial rate asymmetries is striking. IC 
modifies the penguin contribution, parameterized by P\, substantially; in realizing Acp 
this effect is amplified by the comparatively large value of Ex, generating the substantial 
variations seen. For similar reasons, one can also expect marked effects in Acp(K + 7t°). The 
combinations of Wilson coefficients a\ and a 6 differ in sign, as do the C(A 2 ) pieces of V cs V* b 
and V ts V t l, so that subtracting A 1 ^ in Eq. Q2.13Q suppresses the strong phase relative to 
the amplitude parameterized by V us V* b Ei and hence suppresses A CP . The numerical sign 
associated with Ajq is unclear; our remarks assume B > in Eq. (|3.6|) for definiteness. A 
suppressed Aqp, as can be realized through the inclusion of IC, is in better agreement with 



recent measurements, note A C p(K + tt-) = -0.07 ± 0.08 (stat.) ± 0.02 (sys.) [|!|. With the 
uncertainties from the IC contribution, we are compelled to echo the conclusion of Ref. [25|: 
with the present theoretical and experimental errors, it is not possible to extract the value 
of 7 from these decays. 



IV. SUMMARY 

The role of non-valence components in the hadrons' light-cone wavefunctions, coupled 
with the hierarchical structure of the CKM matrix, offers new perspective on B decays. 
The effects can be striking in decays for which the tree-level contributions are Cabibbo- 
suppressed, so that we have focused on the role of IC in the B meson in mediating B — ► nK 
and B — > pK decays. We have shown that such contributions cannot be distinguished from 



the "charming" penguin contributions of Ciuchini et al. 26-28], demonstrating that charm 



ing penguins need not be penguins at all. The intrinsic charm effect, although quantitatively 
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elusive, is sufficiently significant, on general grounds, to impact the B — > txK and B — > pK 
branching ratios, and the associated partial rate asymmetries, in a sizeable manner, though 
the largest variations are seen in Acp(K + ir~) and Acp(K + ir°). Thus we must agree with the 
discouraging conclusions of Ciuchini et al. f28|: the unestimated contributions to B — > ttK 
decay are of sufficient size that these modes cannot be used to estimate 7, or, better, that 
any discrepancy between 7 determined in a fit of the B — > nK branching ratios and that of 
an unitarity triangle fit is not yet meaningful. 

The presence of IC in the B-meson touches many different aspects of B physics. It can 
mediate decays which are suppressed in valence approximation, such as B — > J/ipDir EO 
and B — > xo,2K. It offers a pathway by which the semi-leptonic branching ratio, B s \, can 
be suppressed without exacerbating the charm counting problem. It could potentially help 
explain the lifetime difference between the B meson and the A& baryon. 

At the present stage of knowledge of non-perturbative QCD wavef unctions, we only have 
a qualitative picture of the structure of non-valence components of the hadron's light-cone 
wave functions. Eventually lattice gauge theory or methods such as DLCQ may provide 
quantitative results. It is very important to re-measure the charm structure function of the 
proton at large Xbj to confirm or disprove the evidence for intrinsic charm indicated by the 
EMC measurements ]7|-|[J • As emphasized by Chang and Hou [^tj , the decay of the B and T 
into charmed final states may provide the best phenomenological constraints on Fock states 
of the B containing intrinsic charm. We have emphasized here the impact of such Fock 
states on exclusive decays to light hadrons. 

Additional insight into the magnitude of IC and/or IS contributions in the B may also 
be obtained from decays in which all four quarks in the weak transition differ, so that 
the penguin contributions which confound the clear identification of non-valence effects in 
B — > (ir,p)K decays are absent. For example, the decay B° — > K~ D + proceeds at the 
quark-level via h — > csu. In the valence approximation W~ emission yields the only possible 
decay topology. The K~ meson forms from the decay of the W~ to a color-singlet su, so 
that the color transparency property of QCD suggests that a factorization picture should 
be an excellent description of this process. However additional decay topologies are possible 
once non-valence degrees of freedom are considered. For example, given intrinsic charm Fock 
states in the B-meson, the b and c can annihilate and decay to su and form a K~ meson. 
The remaining c quark and spectator d form the D + meson. Additionally, using IS in the 
B-meson, the b and s can undergo W~ exchange to yield a cu final state. These quarks can 
rearrange with the remaining s quark and spectator d to form a D + K~ final state. Thus 
the IC/IS-mediated contributions associated with the same CKM factors and short-distance 
operators as the conventional contributions could repair any quantitative deficiencies in 
the usual treatment of these decays. However, since the IC/IS contributions in such cases 
is neither Cabibbo nor Wilson coefficient-enhanced relative to the dominant contribution, 
their presence may be difficult to confirm. 
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FIGURES 
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FIG. 1. Intrinsic charm in the B-meson can mediate the decay to a strange, charmless final 
state via the weak transition b — > sec. The square box denotes the weak transition operator. 
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FIG. 2. Schematic illustrations of the full SM contributions to the amplitudes parametrized 
m Eqs. |2~TCp . Dia gram a) contributes to E\(s,u,u,B,K + ,ir/p), diagram b) contributes 

to E2(u,u, s, B ,7r / p, K), and diagram c) contributes to Ai(s, q,u, B + , K,ir/ p). Diagram d) con- 
tributes to Pi(s, q, B, K, w/p) and P 1 G7M (s, q, B, K, n/p). 
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FIG. 3. Schematic illustrations of the full SM contributions to B — > K ir/p decay as mediated 
by intrinsic charm and strangeness in the hadron light-cone wave functions. Diagrams a) and b) 
contribute to A±(s, q, B, K, ir/p), whereas diagram c) modifies the value of P\ (s, q, B, K,ir/p) and 
P 1 GJM (s, q, B, K, tt/p) determined in the valence approximation. 
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FIG. 4. Hard scattering diagrams in the valence approximation to B — ► K(ir/p) decay. 
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FIG. 5. Hard scattering diagram mediated by intrinsic charm in the B-meson wave function. 
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FIG. 6. The impact of IC in the B meson on the B — ► K^tt^ branching ratios as a function 
of 7. The upper curve for each type of line corresponds to B° — ► K + ir~ decay, whereas the lower 
curve for each type of line corresponds to B° — > K~tt + decay. The solid line depicts the results 
of Ref. 1 41], realized from their Table I. The dashed line is the result once the IC contribution, as 
per Eqs. ( 2T5 .Q), is subtracted, and the dotted line is the result once the IC contribution, as 
per Eqs. ( 2.13 , Q|), is added. The vertical solid lines enclose the > 5% C.L. fits to 7 in the SM, 
34° > 7 > 82°, of Ref. Q. 
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TABLES 



TABLE I. Empirical branching ratios in B — > irK decay in units of 10 6 from the CLEO [52], 
BaBar [R3], and Belle |pj] experiments. The symbol ,B denotes the CP-averaged branching ratio. 



In constructing the averages, the statistical and systematic errors for each experiment were added 
in quadrature. 



Mode 



CLEO p| 



BaBar [53 



Belle [54 1 



Average 



B(B°- 


> -K+K-) 


B(B~ - 


-> TT°K-) 


B(B- - 


-> TT-R°) 


8{B° - 


-> ir°K°) 



17.2±|;| ± 1.2 



11.6 



1-3.0+1.4 
-2.7-1.3 



18.2 1^0 ± L6 



14.6 



+5.9+2.4 
-5.1 -3.3 



16.7 ± 1.6 ± 1.3 



10.8 ± 1.0 



18.2 ±2.0 
8.2±|;^ db 1.2 



19.3 



16.3 



+3.4+1.5 
-3.2-0.6 



+3.5+1.6 
-3.3-1.8 



io 7+5.7+1.9 
-4.8-1.8 



16.0 



+7.2+2.5 
-5.9-2.7 



17.3 ± 1.5 



19 1 +1 ' 7 
LZ - L -1.6 



17.31H 



10.4 



+2.8 
-2.5 



TABLE II. Likely IC configurations in the B meson, where q E (u,d). The | bccq) light-cone 
wave function will be maximized for states of minimal invariant mass, so that the configurations 
with the lowest masses are the most likely. The masses are assessed using the lowest-lying meson 
masses in each (qiq~2)jp channel as described in the text. The mass increment associated with the 
relative motion of the two q\q~2 states has not been assessed, though it likely acts to increase the 
estimated mass in the I = 1 states. 



Config 


uration 








Estimated Mass 


(bq)i- 


(cc)i- 


in 


a relative I = 


1 


state 


>8.4 


(bq)o- 


(cc)i- 


in 


a relative I = 


1 


state 


>8.4 


(bq)o- 


(cc) + 


in 


a relative / = 





state 


8.7 


(bq)i- 


(cc)o- 


in 


a relative I = 


1 


state 


>8.3 


(bq)o+ 


(cc)o- 


in 


a relative I = 





state 


8.7 


(bc)i- 


(«z)i- 


in 


a relative I = 


1 


state 


>8.4 


(bc) - 


(cq)i- 


in 


a relative I = 


1 


state 


>8.3 


(bc) - 


(cq)o+ 


in 


a relative I = 





state 


8.7 


{bc)l- 


(c?)o- 


in 


a relative I = 


1 


state 


£8.2 


(bc) + 


(c?)o- 


in 


a relative I = 





state 


8.6 
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